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ABSTRACT
The spectrum of electrostatic potential fluctuations was measured with a
capacitive probe in a steady-state, turbulent plasma confined in a magnetic

T <n 5;5x108/cm3,

mirror geometry. The plasma conditions ranged over 5x10
8 2T, < 38 eV, 350 < T; <930 eV, and B oox = 1.0T. When oscillation peaks
were absent, the background spectrum of electrostatic potential fluctuations
had a power-law dependence on frequency of the form ¢ = ¢ov-n over the range
0.2 to 1.0 MHz. The value of the spectral index n depended on the probe
position in the magnetic field, and, at a given position, depended on the
plasma characteristices. The spectral index was generally below the value

n = 2.5 predicted by some turbulence theories formulasted in k-space. En-
hancement of the turbulent spectrum on the high freguency side of oscillation
peaks indicates that the direction of net energy flow in-the turbulent spec-
trum is from low frequencies to high frequencies in this plasma. The effects
of a sinusoidal external modulation of the anode voltage were assessed over
the range 0-100 kHz. The spectra exhibited several mode coupling phenomena,
including enhanced harmonics of the externally imposed frequency, and sideband
modulation of internally generated oscillation peaks. External excitation of

the plasma at frequencies below 50 kHz resulted in only a small degree of ion

heating.
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INTRODUCTION
The determination of the spectrum of plasma turbulence is a central prob-~
lem of non-linear plasma theory. A number of theories of plasma turbulence
have. been formulatedl-T. These theories contain significant differences of
detail, but all predict a power law spectrum of electrostatic potential flue-

tuations, ¢, of the form

-m

4= ¢k (1)

Under the conditions approximating the present experiment, for large

1,3,k,5,7 further

values of the wave number k, several of these theories
predict a spectral index of m = 5 for potential fluctuations at large val-
ues of * k, identified with the regime of collisionless dissipation by Tchen7.
Other theoriese’5 predict -smaller values of the gpectral index for neutral-
dominated® or collision-dominated’ plasmas.

These analyses are based on one or more simplifying assumptions., includ-
ing that of an infinite, unbounded plasma, and it would not be surprising to
find that a simple power law expression with m = 5 does not hold in general.

As ‘has been pointed out by then7

s Eq. (1) with m = 5 cannot be fully valid,
since one would expect the magnitude of the spectrum to depend on the rate of
dissipation, which is itself dependent on wavenumber. In addition to this
difficulty, these theories do not take into account the effects of gradients
of the plasma properties or of the magnetic field. It is therefore of some
theoretical interest to discover whether, in a laboratory plasma, the spectral

index in Eq. (1) depends upon the presence or absence of gradients of these

gquantities, or upon the magnitude of the plasma properties.
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Attempts have been made toedetermine the nature of plasma turbulence by
using a Langmuir probe to measuré such ¥luctuating plasma parameters as ion
saturation currentl’8—13 or floating potential8’lo’12’lh-l6, The spectrum of
fluctuations in uhf emission from a plasma, near 1.0 GHz, was studied by
Apell7.

These experimental approaches to the problem of plasma turbulence have
required the assumption that the frequency, w, and wavenumber, k, of the fluc~
tuations are related by a constant factor

w*k (2)
since the theories are expressed in k-space, but the experimental equipment
required to perform the measurements renders it expedient to measure the fluc~
tuations in w-space.

In addition to this fundamental assumption, two additional assumptions
are implicit in the use of Langmuir probes for such measurements. One assump-
tion 'is that the frequency response of the Langmuir probe is unaffected by the
plasma~probe sheath, and the second is that this interaction does not generate
spurious noise that might mask the plasma turbulence. There is evidence that
both assumptions may be violated, Serafin112 has shown that the frequency
spectrum of a Langmuir probe operating at ion saturation differs substantially
from the spectrum of electrostatic potential fluctuations detected by & capa-
citive probe at frequencies above 1.0 MHz, These results suggest the possibil-
ity that the Langmuir probe frequency response may fallvoff‘at frequencies a-
bove 1.0 MHz, and hence give an incorrect potential spectrum. This fall-off in
the frequency response of Langmuir probes (relative to that of capacitive

probes) was observed in other investigationsl®.
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In addition to this difficulty with the frequency response of Langmuir
probes, there have been suggestions in the recent literature that the inter-
action of a Langmuir probe with a plasma may generate spurious fluctuations
not present in the undisturbed plasmalg’zo. The presence of "spurious" noise
from 7 to 10 MHz on the signal from a floating Langmuir probe, not observed
with a capacitive probe, was measured in paired comparison studies of these
two types of probesl8. Over the frequency range of the present investigation,
0.2 <v < 1.0 MHz, essentially identical results were obtained for data taken
with Langmuir and capacitive probes, although only the latter are reported
herein.

In the present investigation, spectra of electrostatic potential fluctu~-
ations were taken with a capacitive probe over the range 0.2 to 1.0 MHz. The
effects of changes in plasma conditions on the turbulent spectrum and upon
spectral index were investigated. These results appear to be in conflict
with existing theories of plasma turbulence. Data were taken which appear
relevant to the determination of the sense df net energy  cascading along the
turbulent spectrum in frequency space. A subsequent series of experimental
runs were taken to investigate the nature of the mode coupling and ion heat-

ing by an externally imposed excitgtion of the turbulent spectrum.

EXPERTIMENTAL. ARRANGEMENTS
A photograph of the modified Penning discharge used in this experiment
is shown in Fig. 1. The plasma 1s confined in a superconducting magnetic
mirror a.ppa.ra.tus22 with a mirror ratio of 2.6:1. The maximum field on the
axis occurs at the magnetic mirrors, and can be varied up to 2.0 Tesla. Un-

less noted otherwise, the maximum magnetic field was set at 1.0 T in the
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present investigation. The plasma is 15 cm in diameter at the midplane, and
can be operated in the steady state for durations up to several hours23.

When & high DC potential is applied to the anode ring (the vertical ele-
ment at the center of Fig. 1), thermalized ions of high kinetic temperature
are observed coming out through the mirrorsgS’Zh. On Fig., 2 is shown a re-
tarding potential curve for such ions.23 These ions have a quite accurately
Maxwellian energy distribution along a radius in veloeity space, even in the
high-energy tail. The electron energy was typically more than a factor of 10
below in the ion kinetic temperature in this plasma. The dependence of the
ion kinetic temperature on the discharge operating conditions is shown in Fig.
3. This figure shows the ion kinetic temperature plotted as a function of the
DC anode voltage, for four different background pressures of deuterium gas.

An objective of the present investigation was to identify the nature of the
processes responsible for this thermalization and heating of the ions.

Deuterium gas was used in the present investigation. The range of opera-
ting conditions of this plasma is shown in Table I. The mean free paths of
all binary charged-neutral collisions were much greater than the apparatus
dimensions, and the energy density of the plasma was no less than that of the
background neutral gas. The electrostatic potential spectra should therefore
be characteristic of the plasma, and not of fluctuations in the background
neutral gas. The measurements of spectral index were made under plasma oper-
ating conditions such that no oscillation peaks or their harmonics interfered
with the smooth background spectrum in the frequency range covered.

The principal equipment used in this investigation is shown in Fig. L,

During the mode-coupling measurements described below the high voltage DC

power supply was connected to the anode ring through an inductor, to isolate
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this supply from the AC power applied to the anode ring. During these mode-
coupling investigations, a powerful AC amplifier was also connected to the
anode ring though a suitable capacitor, to couple the AC signal to the anode
ring, while at the same time isolating the AC power supply from the high vol-
tage DC bias on the anode ring. The amplifier is capable of operating over
the range 1-100 kHz, and has an output of 5 kV RMS at 5 kW. The amplifier was
driven by a variable frequency oscillator, which provided & sinusoidal input
signal of the desired frequency. The retarding potential energy analyzer was
located in approximately the position shewn in Fig. k. The amplifier, capa~-
citor, and inductor were removed from the circuit during the spectral index
and energy cascading measurements described below.

Two capacitive probes were used to measure the electrostatic potential
fluctuations in the plasma. These probes are similar to that described by
Schmidt.zo A cross-section of the probe used is shown in Fig. 5(a). The
frequency response of this probe and its associated cathode follower and am-—
plifier is shown in Fig. 5(b). The frequency response of the measuring system
is essentially constant from 1 kHz to 10 MHz. ‘Note that the ordinate of the
calibration curve is the signal ratio, and is not expressed in db.

By moving the probe assembly along the magnetic field axis, the two capa-
citive probes could be positioned at the six locations shown in Fig. 6. These
positions were chosen to help distinguish the effects on the spectral index of
various combinations of radial and axial gradients of magnetic field and plas-
ma energy density. The kinetic temperature and relative number density of the
ions escaping through the magnetic mirrors were measured with a retarding po-

tential energy analyzer.23 Absolute values of the electron number density and



T
kinetic temperature were measured by taking conventional Langmuir probe
traces at position #5, shown in Fig. 6.

It was recognized that the:experimental equipment could introduce non-
linearities into the data, and precautions were taken to avoid this. The
elements of the probe system were run at all times below saturation, so that
no harmonic content was introduced by signal clipping. The signal was also
kept above the amplitude threshold for linear response of the equipment. Dur-
ing the measurements of spectral index, the high-pass filter was set to cut
off all frequencies below 150 kHz, in order to avold saturation of the spec-
trum analyzer and x~y recorder by large amplitude peaks, and by the continuum
spectra below the frequency range of interest. In the mode coupling experi-
ments, it was verified for the data presented here that the harmonic content
of the signal appearing on the anode ring was very much smaller than the
harmonics generated by the plasma itself. Two balanced probes operating in
the differential mode were used to verify that none of the signal in the
smooth background spectrum was a common mode, such as might arise from noige

in the anode ring sheath, for example.

MEASUREMENT OF SPECTRAL INDEX
Electrostatic potential fluctuation spectra were taken from both probes
at a given axial station. The probe assembly was then moved to a different
axial position, with the anode voltage, tank pressure, and the other control-
lable parameters held fixed. Typical raw spectra are shown in Fig. T(a) for
the frequency range 0.2 to 1.0 MHz. These spectrs were tabulated, corrected
for small nonlinearities in the probe instrumentation, and converted to a

logarithmic base. An example of the corrected data for the same two runs is
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plotted on a log-log scale in Fig. 7(b), The spectral indices were determined
by excluding oscillation peaks, harmonics of these peaks, or data at or to the
left of the knee of the curves, and then obtaining a best-fitting straight
line to the remaining data with a logarithmic least-squares computer program.
All spectra had a knee, due either to the high-pass filter or to the nature of
the spectrum. The spectra analyzed covered no less than a factor of two in
frequency, and more typically covered a factor of four in frequency.

All of the spectra taken in this investigation exhibited the power law
dependence of electrostatic-potential amplitude, ¢, on frequency, v, given by
the expression

o= dgv (3)
when plasma-generated oscillation peaks were absent. The best-fitting spec-
tral index for each set of plasma conditions and at each position in the plas-
ma is shown in the form of a scatter plot in Fig. 8. The scatter of spectral
index at a given plasma position is at least a factor of five greater than the
uncertainty of an individual determination of the spectral index. It should
be noted that the spectral indices shown in Fig., 8 refer to the amplitude of
the electrostatic fluctuations, and should be multiplied by & factor of two to
obtain the power spectral index.

An gttempt was made to correlate the spectral indices at a given plasma
position with the plasma density, the neutral gas density, the ion kinetiec
temperature, the plasma energy density, the plasma floating potential, and the
amplitude ¢, of the turbulence. None of these produced an identifiable sys-
tematic trend in the spectral index. The only observed trend was the tendency
of the median value of the spectral indices of the data obtained to be differ-

ent for the six positions in the plasma, as illustrated in Fig. 8. These
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differences are thought to be due to the differing magnetic field conditions
rather than to the different plasma densities within the magnetic bottle,
since no systematic dependence of spectral index on plasma density was appar-
ent at a given position in the magnetic field. For a given set of plasma
operating conditions, different values of the spectral index were obtained at
each of the six positions in the plasma. The position on the axis at the mag-
netic field midplane had gradiente of neither magnetic field or plasma energy
density, and might therefore be an approximation to an infinite plasma. The
other five positions afford various combinations of energy density and magne-

tic field gradients.

OBSERVATION OF ENERGY CASCADING IN FREQUENCY-SPACE

The correct direction of the net energy cascade in a turbulent spectrum
has been a vexing question in plasma theory for many years. Some investiga~-
tors6 have maintained that plasma turbulence is analogous to conventional hy-
drodynamic turbulence, in that the net turbulent energy transfer proceeds
from low wavenumbers to high wave-numbers (and hence presumably to high fre-
quencies), where it is eventually dissipated as thermal motions of the plasma
constituents. Another school of thought holds that at high wavenumbers, but
below the wavenumber corresponding to the Debye length, the direction of the
net energy cascade is from large wavenumbers to small wavenumbers.25

Two sets of experimental observations were made in the course of this
experiment which may have some bearing on determining the direction of the
turbulent energy cascade. It should be noted that all measurements herein

were made below the ion gyro frequency and the ion plasma frequency. The

first class of observations is illustrated by the data discussed in the
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following two sections, in which subharmonics of the externally imposed oscil-
lation peaks are not observed. The data presented in Figs. (12) and (13) be-
low are typical in this respect of all data taken to date. One can argue that
if the energy were cascading downward in frequency, then perhaps one might
expect to observe subharmonics of the fundamental frequencies. The observa-
tion only of harmonics can perhaps be interpreted to imply that the turbulent
energy is cascading upward in frequency.

The second set of experimental observations relevant to the direction of
energy cascading are based on the following argument: If there existed a
broad peak on the turbulent spectrum that coupled energy from an external
source to the turbulent spectrum, then one might expect to observe one of the
two situations illustrated schematically in Fig. 9. In Fig. 9(a), the energy
is assumed to be cascading upward in frequency, so that an energy input at
some frequency would enhance the spectral amplitude at frequencies above the
frequency in question. The expected shape of the spectrum is shown as the
solid line for a linear and a logarithmic plot of turbulent amplitude as a
function of frequency, and it is assumed thgt the turbulent spectrum obeys
the power-law relation given by Eg. (3).

In Fig. 9(b) is shown the situation expected if the energy is fed in at
a given frequency, but cascades downward toward lower frequencies. In this
case one might expect the spectrum illustrated by the solid lines, in which
the additional energy input is carried to lower frequencies. By looking for
one or the other of the types of spectra shown in Fig. 9, one might get an in-
dication of the direction of energy flow in the turbulent spectrum.

A requirement for the observation of one or the other of the spectra

shown in Fig. (9) is an oscillation at which energy is being injected into
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the turbulent spectrum. The high ion temperature of this plasma, and the
Maxwellinanization of the ion energy, illustrated in Figs. 2 and 3, are indi-
cative of significant. energy transfer to the plasma. Multiple-sweep waveforms
of the electrostatic potential measured with a capacitive probe are shown on
Fig. (10) for five sweep rates. The low frequency oscillation at about 18 kHz
prominent in Figs. 10(a) and 10(b), appears to trigger the higher frequency
oscillations, and is the continuity-equation oscillation described elsevhere.26,27
The internally generated damped oscillation at 170 kHz, prominent in
Figs. 10(b) and 10(e), would appear to be the frequency at which significant
energy is transferred to the ions, perhaps by the damping shown. The oscilla-
tions, observable in Figs. 10(d) and 10(e), are at the ion plasma frequency
in the anode ring sheath.

On Fig. 11 -are shown two examples in which the plasma operating condi-
tions were such that the damped oscillation was at slightly higher frequen-
cies. The upper part of the figure shows the raw spectrum between 0 and 1
MHz, and the waveform of the oscillations. The damped nature of the oscilla-
tion producing the peak is again evident. At the bottom of Fig. 11 these two
examples are plotted on log-log scales. The enhancement of the spectrum above
the oscillation peaks is quite evident. This enhancement was observed at fre-
quencies above the oscillation peaks in all cases studied,; and resembles the
situation in Fig. 9(a), which would be expected for energy cascading to higher
frequencies. It would appear plausible that the spectral enhancement repre-
sents an energy input to the plasma that is responsible for the observed ion

heating, in whole or in part.
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RESPONSE OF PLASMA TO SINUSOIDAL EXTERNAL EXCITATION
Spectra of the electrostatic potential fluctuations were taken with the
circuit shown on Fig. U4, and with the AC amplifier, capacitor, and inductor in
the circuit. Fig. 12(a) was taken without external excitation of the plasma,
as a standard of comparison. A prominent peak is apparent at the continuity-

26,27

equation oscillation frequency. There are no subharmonic peaks visible
at 1/2, 1/3, etc. of the continuity equation frequency. Clearly defined sub-
harmonics were never observed in this experiment, although harmonics were
quite common (they are off scale in Fig. 12). Occasionally a minor oscilla-
tion peak, like that shown in Fig. 12(a), would shift frequency slightly to
"lock on" to a subharmonic of the excitation frequency, as illustrated in
Figs. 12(e) and 12(f). 1In Fig. 12(a), there is no significant asymmetric en-
hancement on either side of the oscillation peak, presumably implying that

the oscillation in question was only weakly coupled to the turbulent spectrum,
if at all.

On Fig. 12(b) - 12(i) are shown spectra for the same plasma conditions
that produced Fig. 12(a), but with an additional 1.5 kV rms sinusoidal signal
imposed on the anode ring at the excitation frequency indicated. One can see
at least two harmonics of the imposed frequency, and side bands of the contin-
uity-equation frequency at the imposed frequency and at harmonics of the im-
posed frequency. The amplitude of the continuity-equation oscillation is re-
duced as the frequency of the external modulation approaches that of the con-
tinuity-equation oscillation. In Fig. 12(i), the continuity-equation peak is
finally suppressed with the excitation frequency at 32.5 kHz.

On Fig. 13 is illustrated the phenomenon of plasma "lability", by which

is meant the tendency of a plasma to generate harmonics or show improved mode
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coupling at certain preferred frequencies. The spectrum with no external ex-
citation is shown in Fig. 13(a). This spectrum exhibits the continuity equa-
tion oscillation at 22.5 kHz, and three of its harmonics. The effect of a
750 V rms sinusoidal excitation is shown in Figs. 13(b) to 13(f). One effect
of the external excitation is to greatly reduce the spectral amplitude of the
continuity~equation oscillation. This suppression becomes more apparent as
the external frequency approaches the continuity-equation frequency, until the
later is scarcely apparent at an external excitation of 20 kHz. The tendency
of the plasma to enhance harmonics of the imposed frequency near the continu-
ity-equation frequency and its harmonics is quite apparent. The harmonic and
sideband generation observed in the present experiment is consistent with the
nonlinear effects observed by other investigators, of which the difference
frequency generation reported by Krivoruchko and Kornilov28 (1970) is an ex-

ample.

EFFECT OF EXTERNAL EXCITATION ON ION KINETIC TEMPERATURE

At the outset of the present experiment, it was considered possible that
the imposed AC power might be well coupled to the turbulent spectrum at the
continuity-equation frequency. The effects of the external AC modulation were
assessed by imposing a 5 kV RMS AC signal on the anode ring, and measuring the
ion energy with the retarding potential energy analyzer shown in Fig. 4.

On Fig. 14 is shown a plot of the ion kinetic temperature as a function
of the frequency of the imposed AC signal, for three background pressures of
deuterium gas. These data were taken with a 20 kV DC bias on the anode ring.
The data points at zero frequency are the ion energies with no external AC

modulation of the anode voltage. There is a slight tendency of the ion
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kinetic temperature to rise with increasing frequency, amounting to almost g
factor of two in energy on the lowest curve shown. The heating effect of the
AC power was nevertheless not marked, and no preferred "resonant" frequency
became apparent below 100 kHz. The absence of any significant heating effect
of the AC power is consistent with the qualitative features of the (typical)
spectral curves presented in Figs. 12 and 13. In all of tliese spectra, the
imposed frequency appears as a sharp, narrow peak with no signifiecant asym-
metry of the background spectrum around its base. Had this imposed frequency
been well coupled to the turbulent spectrum, one perhaps would expect the im-
posed frequency peak to be broad, of lower amplitude, and better faired in to

the background spectrum.

DISCUSSION

The measurements of turbulent spectra made in the present investigation
agree with current theories of plasma turbulence in that they conform to a
power-law dependence, given by Eq. (3), of spectral amplitude on frequency.
These measurements appear to disagree with current theoriesl“7 which predict
a universal power law of the form k_2'5. The present results give v_n,
where the range of n 1is generally below 2.5, and n depends on the plasma
characteristics. A simple proportionality between w and k, given by Eq.
(2), therefore can not hold in this bounded laboratory plasma. It is perhaps
not surprising that the dispersion relation for this plasma is more complicat-
ed than a simple proportionality. However, in order to obtain agreement be-

2.5

tween a k 7 power law and the present results, the dispersion relation
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would itself have to be a power law of the form

k ~ 0P (&)
where

2.5 p = n. (5)
Since there is no precedent in linearized, cold plasma theory for a dispersion
relation similar to Eq. (4), with p assuming a continuous range of values
depending on the plasma and magnetic field characteristics, it therefore ap-
pears that the present results are in disagreement with existing theories of
plasma turbulence.

This disagreement has also been noted in isolated cases reported by

7

other experimental investigators. Apell has observed n =2.75 at frequen-
cies near 1.0 GHzj; Bol and Eil_lis.:L3 have observed n =.1.25 or n = 2,03

2
Serafinil has observed n = 1.3; Batten et al.8 have obgerved 0.5 <n < 1.0

9

(Figs. 3 to 5 of Ref. 8); F. F. Chen has reported n = 2.3; Bol’ has ob-

served n = 2.4 (the present authors interpretation of Fig. 6 of Ref. L4),

D'Angelo and Enriqu.esl5 16

have observed n = 2.4 and 2.5, and Noon et al.
have observed n = 1,0. These investigations appear to agree with the present -
results in that the spectral amplitudes can be represented by a power-law rela-
tionship in frequency space, and the spectral amplitudes were generally some-
what below the value n = 2.5 predicted by existing theories.

By examining the turbulent spectrum in the vicinity of an oscillation
peak whose waveform was observed to be damped, information was cbtained that
indicates that the energy transferred to the spectrum by this damping cascades
upward in frequency. It would appear implausible that the spectrum would be

enhanced above the oscillation peak if the energy were cascading to lower fre-

quencies. Whenever significant enhancement of the turbulent spectrum near an
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oscillation peak was observed in this investigation, it was always on the high

frequency side of an oscillation peeak.

CONCLUSIONS

The present investigation appears to justify the following conclusions:
1.) In the absence of oscillation peaks, and over the frequency range 0.2 to
1.0 MHz, the spectral amplitude of electrostatic potential fluctuations in the
plasma studied follows a power-law relation of the form ¢ = ¢Ov_n. 2.) The
spectral index n is a function of the plasma characteristics and of the mag-
netic field characteristics. 3.) The spectral index varies over a range much
larger than the uncertainty of an individual measurement, and the median value
of the data obtained over this range is generally below the value n = 2.5
predicted by existing theories of plasma turbulence. U4.) The direction of net
energy cascading in frequency space appears to be from low to high frequencies
for the present experiment. 5.) The non-linear character of the plasma gener-
ates harmonics of an externally imposed excitation frequency, and also gener-
ates sidebands of pre-existing plasma oscillations. 6.) The plasma exhibited
the phenomenon of "lability", in which harmonics of the external excitation
frequency were preferentially enhanced in the vicinity of the continuity-equa-
tion oscillation and its harmonies. 7T.) Externally imposed sinusoidal sig-
nals of frequencies below 50 kHz did not lead to significant heating of the
ions in the plasma. 8.) A damped oscillation of undetermined origin was ob-
served in the region of several hundred kHz, below both the ion cyclotron and
ion plasma frequencies. This damped oscillation appears to be responsible for

the ion hesgting observed in this plasma.
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TABLE I

RANGE OF PLASMA CHARACTERISTICS AT PROBE LOCATION NUMBER 5

DEUTERIUM GAS, B , /B = 0.38, B = 1.0T
min’ “max max
rope = 0465 T
PLASMA CHARACTERISTIC LOW VALUE HIGH VALUE

Neutral Number Density l.5x1012/cm 2.5x1012/cm3
Electron Number Density 5%107/cm3 5%x108/ cm3
Electron Kinetic Temperature 8.3 eV 38 ev
Ion Kinetic Temperature 350 eV 930 eV
Plasma Potential +45 volts +230 volts
Electron Plasma Frequency 64 MHz 202 MHz
Electron Gyro Frequency 18 GHz
Ton Plasma Frequency (o) 1.0 MHz 3,3 MHz .
Ton Gyro Frequency (D") 5 MHz

Debye Distance 0.1 mm 6.5 mm
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FIGURE CAPTIONS
Photograph of the plasma studied in the present investigation. The verti-
cal element in the center is the anode ring, biased to positive potentials
of up to 40 kilovolts. The plasma is approximately 15 centimeters in dia~
meter at the midplane.
Typical retarding potential curve from the ion energy analyzer. The or-
dinate is the axial flux of ions whose energies exceed the value shown on
the abscissa. The best-fitting integrated Maxwellian distribution is
shown, whose ion kinetic temperature is T10 eV.
Relationship of DC anode voltage to deuterium ion kinetic temperature for
four background pressures of deuterium. The maximum magnetic field was
2.0 T for this series of rums.
Schematic of apparatus used for the measurement and recording of turbulent
spectra, and study of the effects of external modulation of the anode vol-
tage. During the measurement of turbulence spectra, the two capacitive
probes were mounted parallel on a forked support, one of which was on the
magnetic field axis, and one of which was 3 cm off axis. The amplifier,
inductor, and capacitor used for excitation of the anode ring were discon-
nected during the spectral index measurements.
(a) Cross-sectional drawing of the capacitive probe used. (b) Frequency
response of the capacitive probe measuring system shown in figure L4, but
without the high-pass filter.
Location of the six positions within the plasma at which turbulent spectra
were taken with capacitive probes. Positions 2 and 5 were 9.4 cm from the

midplane, at approximately the point of maximum magnetic field gradient.
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Positions 4 to 6 were 3.0 cm from the magnetic axis. The mirror ratio was
2.6:1, with Bmax = 1.0 T.
Two examples of the turbulence spectra teken in this investigation for a
fixed set of plasma conditions, about at the midrange of Table I. Run
KL-22 was taken at position 2 on Fig. 6, and KL-23 at position 4 on Fig.
6. a) the raw data, on a linear-linear scale. b) the data from (a),
corrected for the system calibration and plotted on a log-log scale. Note
the power-lasw dependence of the spectra.
Scatter plot of the spectral index n, from observed spectra of the form
¢ = ¢Ov_n, at the six positions shown in Figure 6. The scatter was a
consequence of varying the plasma conditions over the range indicated in
Table I, and was much larger than the error associated with a given run.
(a) Linear and logarithmic plot of expected electrostatic turbulence
spectrum for case in which energy is added to plasma at a discrete fre-
quency, and then cascades to higher frequencies and smaller scale sizes.
(b) Linear and logarithmic plot of expected electrostatic turbulence
spectrum for case in which energy is added at a discrete frequency, but
cascades downward in frequency.
Multiple-sweep oscilloscope traces of the electrostatic potential fluctu-
ations detected by a capacitive probe under operating conditions producing
unusually coherent oscillations. Same arbitrary vertical scale is used
for all five traces. Time increases from right to left,
Two examples of the enhancement of the turbulent spectrum at frequencies
above an oscillation peak, taken at plasma conditions near the lower end
of the range shown in Table I. a) Waveform, raw spectrum, and spectrum

plotted on log-log scale of plasma conditions producing an oscillation at
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380 kHz. Note damping of oscillation in waveform, suggesting that energy
is being fed into turbulent spectrum. b) Waveform, raw spectrum, and
spectrum plotted on log-log scales of plasma conditions producing an os-
cillation at 320 kHz.

Spectra illustrating the generation of harmonics and sidebands of an ex-
ternal excitation frequency. The D.C. anode voltage was held constant at
15 kV, and excitation amplitude at 1.5 kV rms. All spectra have the same
arbitrary vertical scale, and the same 0 - 100 kHz horizontal scale. The
plasma characteristics were at the lower limit of the range indicated in
Table I. a) Spectrum with external excitation turned off. Note unidenti-
fied oscillation at 11 kHz, and continuity-equation oscillation at 62 kHz.
b) -i) Spectra with 1.5 kV rms external excitation at frequency indicated.
Note generation of harmonics of the excitation frequency, and generation
of sidebands of the continuity-equation oscillation frequency at the exci-
tation frequency and its harmonics. Note suppression of continuity equa-
tion oscillation as excitation frequency approaches one-half of its fre-
quency.

Spectra illustrating plasma lability at harmonics of an external excita-
tion frequency. The D.C. anode voltage was held constant at 2.0 kV. All
spectra have the same arbitrary vertical scale, and tha same 0 to 100 kHz
horizontal scale. The plasma characteristics were near the high end of
the range indicated in Table I. a) spectrum with external excitation
turned off. Note continuity-equation oscillation at 22.5 kHz and its har-
monics. b) - f) spectrum with 750 Vrms external excitation at frequency

indicated. Note suppression of the continuity-equation oscillation, and
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enhancement of the harmonics of excitation frequency that lie near the
continuity-equation oscillation frequency and its harmonics.

14, Ion kinetic temperature as a function of frequency of 5 kV RMS sinusoidal
modulation signal, for three pressures of deuterium gas. Kinetic tempera-
ture with no modulation is plotted at zero frequency. The DC anode vol-
tage was 20 kV for all rums.
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